Background and objectives: Evaluation for ischemic heart disease (IHD) is a nonstandardized practice before kidney transplantation. We retrospectively studied pretransplant cardiac evaluation (CE) practices in a national sample of renal allograft recipients.
K idney transplantation reduces long-term cardiac risk compared with chronic dialysis, yet cardiovascular disease remains a leading cause of post-transplant morbidity and mortality (1) (2) (3) . Formal evaluation for ischemic heart disease (IHD) with noninvasive stress testing or coronary angiography is a common but nonstandardized practice before kidney transplantation. A 1993 survey of medical directors of Organ Procurement and Transplantation Network (OPTN) centers illustrated variability in center-level cardiac evaluation (CE) policies (4) . Noninvasive stress testing composed the most common first approach to CE of asymptomatic patients, prompted by diabetes at 86% of responding centers, age (mean threshold 52 yr) at 67%, and multiple risk factors at 68%. Some centers preferred direct angiography for patients with diabetes (15%), older age (7%; mean threshold 57 yr) or multiple risk factors (8%). Per a more recent survey of OPTN centers regarding policies for patients on the deceased donor waiting list, 8% of programs select cardiac testing for all candidates whereas 18% do not routinely request cardiac testing for any asymptomatic patient group (5) . Given nonresponse rates and potential discrepancies between self-reports and practice, these surveys provide only limited insight.
In an effort to promote standardized application of best practices, the 2001 American Society of Transplantation "Guidelines for the evaluation of renal transplant candidates" advanced recommendations that: 1) "high-risk patients," de-fined as those with diabetes, prior IHD or Ն2 medical risk factors should have a cardiac stress test; 2) patients with positive stress tests should be studied by angiography; and 3) patients with critical coronary lesions should undergo revascularization before transplant (6) . Clinical practice guidelines of the Kidney Disease Outcomes Quality Initiative also advise annual performance of noninvasive stress tests for dialysis patients on the kidney transplant waiting list who have diabetes, known coronary artery disease, or Ն2 traditional risk factors (7) . However, these guidelines are currently consensusbased, and there are limited patient-level data available on CE practices before kidney transplant or associated outcomes.
Detailed understanding of CE practices before kidney transplantation on a national level can establish context for investigations of clinical and cost-effectiveness. We therefore performed a retrospective study of a large cohort of Medicareinsured transplant recipients recorded in the U.S. Renal Data System (USRDS). We aimed: 1) to quantify the frequency of pretransplant CE in relation to patient characteristics, 2) to quantify the use of pretransplant revascularization procedures after CE, and 3) to describe the risk of post-transplant myocardial infarction among patients transplanted without CE, with attention to subgroups facing higher than average risk.
Materials and Methods

Data Sources
We performed sample selection, ascertainment of CE history, and determinations of pretransplant comorbidity and post-transplant clinical events using registry data collected by the USRDS. USRDS registries integrate information from the OPTN, the Centers for Medicare and Medicaid Studies (CMS), and Medicare billing claims records. Details of the source USRDS data as well as limitations of Medicare claims data have been described previously (8 -10) . Because the OPTN region is not recorded in the USRDS, we used patient state of residence as a proxy for transplant center location in categorizing transplants according to the 11 OPTN regions.
Participant Selection and Risk Categorization
The sample was drawn from Medicare beneficiaries registered in the USRDS who received a kidney transplant in 1991 to 2004. To ensure comprehensive capture of pretransplant care in Medicare claims, we limited the sample to patients who also received dialysis before transplantation and were insured by Medicare parts A and B from dialysis initiation through transplantation. Intervals of Medicare insurance were identified from USRDS Payer History records, with continuity defined to allow unlimited gaps up to 3 d (administrative gaps) and/or a single gap of 4 to 60 d.
We stratified the expected risk of IHD based on clinical practice guidelines of the American Society of Transplantation, wherein "high risk" is defined by diabetes, prior IHD, or Ն2 risk factors (6) . Risk factor information was extracted from the USRDS demographics file, CMS form 2728, OPTN Recipient Registration form, and pretransplant Medicare claims. IHD risk factors and corresponding data sources included: age Ն45 yr in men or Ն55 yr in women (demographics file), cigarette smoking (form 2728, claims), dyslipidemia (claims), cerebrovascular disease (form 2728, OPTN, claims), peripheral vascular disease (form 2728, OPTN, claims), and congestive heart failure (form 2728, claims) (6, 11) . Consistent with the methods of the USRDS Annual Data Report, we defined claims-based indications of comorbidity as Ն1 inpatient Part A institutional claim or Ն2 outpatient Part A or Part B physician/ supplier claims with corresponding diagnosis (International Classification of Diseases Code, 9th edition, Clinical Modification (ICD9-CM)) codes in the year before transplant, and incorporated ICD-9-CM procedure codes and Current Procedural Terminology codes in the definitions of IHD and peripheral vascular disease (12) (Appendix).
Definitions of Cardiac Evaluations and Revascularization Procedures
Pretransplant CE were identified by billing claims for noninvasive stress testing and angiography submitted from dialysis initiation until transplant (Appendix) . Stress tests were categorized as electrocardiographic, echocardiographic, nuclear, or unspecified based on the most recent test performed before transplantation. CE may be performed as screening tests in asymptomatic patients or be prompted by cardiac symptoms or other acute events, such as surgery. Although all evaluation results would be informative for pretransplant cardiac risk assessment, the context of the evaluation may have differing outcome implications. We therefore classified evaluations performed during hospital admissions (except admissions with Diagnosis Related Group codes for coronary procedures without myocardial infarction, 106, 107, 112, 124) as "acute" and all others as "nonacute" for consideration in post-transplant outcomes analyses. We similarly characterized the CE history of participants limited to within the year preceding transplant.
To describe the use of pretransplant revascularization after CE, we quantified the number of individuals who underwent percutaneous coronary angioplasty (with or without stenting) or coronary artery bypass grafting between the date of CE and transplantation. Revascularization procedures were identified by claims with corresponding ICD-9-CM procedure codes and Current Procedural Terminology codes (Appendix) .
Definitions of Post-transplant Outcomes
We ascertained post-transplant acute myocardial infarction (AMI) events from billing claims and death records. The claims-based definition of AMI comprised one inpatient claim with a 410.x ICD-9-CM diagnosis code (excluding coded episodes of subsequent care, 410.x2). Cause of death was abstracted from CMS death records and OPTN follow-up forms.
Statistical Analysis
The frequencies of pretransplant CE are reported as counts and proportions within the full cohort and subsamples classified by clinical IHD risk group. We compared differences in the distributions of characteristics among transplant recipients who did and did not receive CE by the 2 test. We modeled adjusted associations of clinical characteristics and transplantation without CE by multivariable logistic regression. Continuous variables were categorized into clinically relevant strata, and final models were determined by stepwise selection. We computed the number of CE per revascularization procedure as a ratio according to test type and clinical risk group. These ratios were based on the most recent CE before transplant and subsequent pretransplant revascularization status (any versus none) per individual. Time to post-transplant AMI was computed as the time to first qualifying claim or reported death due to myocardial infarction. At-risk time for AMI was censored at loss of Medicare parts A and B, death from causes other than AMI, end of study (December 31, 2004) , or 3 yr post-transplant (the time when Medicare coverage ends after kidney transplant in the absence of age Ͼ 65 yr or disability). We used multivariate Cox hazards analysis, stratified by year of transplant, to obtain covariate-adjusted measures of the association (adjusted hazards ratio) of clinical factors with the risk of post-transplant AMI among patients in each risk group who had not received pretransplant CE. We computed the observed, cumulative incidence and 95% confidence interval (CI) of post-transplant AMI with stratification by clinical IHD risk group, CE status, and selected clinical traits by the Kaplan-Meier method. All analyses were performed with SAS for Windows software, version 9.1 (SAS Institute Inc, Cary, NC).
Results
Frequencies of Cardiac Evaluations
We identified 27,786 transplant recipients during the study period who maintained continuous Medicare parts A and B from dialysis initiation through transplantation, of whom 16,029 were classified as "high risk" for IHD and 11,757 as "lower risk" based on clinical traits. Table 1 displays the frequencies of pretransplant CE in the full sample and subsamples defined by IHD risk group. Overall, 46.3% of patients received some form of CE, which comprised noninvasive stress tests in 40.8% and angiography in 19.4%; 13.9% of patients received both modalities. The frequency of any CE was 65.4% among the high-risk and 20.4% among the lower-risk groups. The majority of pretransplant CE in the study sample were performed in nonacute contexts (91.0% of stress tests and 79.6% of angiography). Within the year before transplant, 31.0% of patients underwent CE, including 45.8% and 10.9% of the high-and lowerrisk groups, respectively.
Correlates of Transplantation without CE
The frequency of transplantation without CE according to patient characteristics and clinical IHD-risk group is shown in Table 2 . In multivariable regression, the likelihood of transplant without CE increased sharply with declining patient age and shorter pretransplant dialysis duration (Table 3 ). Such graded relationship was seen even after the first year of dialysis, such that the adjusted odds of not receiving CE were approximately twice as high among patients who dialyzed 2 to 5 yr compared with Ͼ5 yr before transplant. After adjustment for other factors, the likelihood of transplant without CE was increased among women compared with men, nonwhite compared with white race persons, and underweight patients. The adjusted odds of deferred cardiac testing were markedly reduced (or conversely, testing was more likely) among patients with IHD; testing was also more likely in association with diabetes and hypertension as causes of renal failure, and with any single baseline IHD risk factor. Significant regional variations in practice emerged after adjustment for patient characteristics: the likelihood of transplant without CE was approximately 40% higher in regions 3 and 5 compared with regions 4, 6 to 8, and 11.
Similar patterns were seen within subsamples defined by clinical IHD risk group, except that the increase in relative odds of transplant without cardiac testing among young compared with older patients was attenuated in the high-risk group, but even Table 4 displays the frequencies of revascularization following most recent pretransplant CE. Overall, 9.5% of patients who received CE also received pretransplant revascularization, but there was substantial variation in intervention rates according to clinical risk group and test type. Whereas 11.6% of high-risk patients studied by CE underwent subsequent coronary interventions, revascularization was performed among Ͻ1% of evaluated low-risk patients. On average, one revascularization resulted for every 8.6 CE in high-risk patients, but 342 CE were performed per revascularization in the lower-risk group. CE in low-risk patients predominantly comprised noninvasive stress testing. In the full cohort, stress testing that was not followed by diagnostic a Effect estimates reflect the adjusted odds of transplantation without cardiac evaluation associated with a given trait compared with the reference trait within each sample (full cohort, high risk, lower risk). Nonsignificant categorical strata were collapsed into reference groups by the stepwise selection procedure in logistic regression, thus resulting in differing regional reference groups in the three models.
Revascularization after Cardiac Evaluation
angiography lead to revascularization among 3.6% of patients (4.5% of evaluated high-risk and 0.2% of lower-risk patients). The use of subsequent revascularization was overall higher with angiography (with or without prior noninvasive testing) compared with noninvasive testing alone, driven mainly by intervention frequency in high-risk patients (23.5% versus 1.2% revascularization after angiography in high risk versus lower risk).
AMI Risk after Transplant without CE
Without regard to CE status, the 3-yr incidence of AMI after transplant was 14.5% (CI, 13.9% to 15.2%) and 3.6% (CI, 3.3% to 4.0%) among the high-and lower-risk recipients. The incidence of AMI after transplant varied with clinically defined risk profile and CE status, ranging from 21.0% (CI, 18.7% to 23.6%) at 3 yr among high-risk patients who had received acute CE before transplant, to 2.9% (CI, 2.6% to 3.3%) among lower-risk patients who had not undergone CE of any form (Figure 1) .
Among those transplanted without CE, clinical risk profile was strongly associated with observed incidence of post-transplant AMI. The 3-yr incidence of post-transplant AMI was 3% in lower-risk patients transplanted without CE versus 10% in the high-risk group without CE (Figure 1 ). AMI risk after transplant without CE also varied according to patient characteristics within the clinically defined risk strata. In multivariable models, older persons and those with diabetic renal failure, histories of IHD or peripheral vascular disease, black race, and non-Hispanic ethnicity faced increased adjusted hazards of post-transplant AMI (Table 5 ). In lower-risk patients transplanted without CE, blacks were at higher risk for AMI than whites (adjusted hazards ratio ϭ 1.47; 95% CI, 1.11 to 1.93).
Discussion
This retrospective cohort study of pretransplant CE practice patterns among a large national cohort of kidney transplant a Interventions performed between the dates of last pretransplant cardiac evaluation and transplantation. In patients evaluated by both angiography after noninvasive testing, the revascularization is scored as following the most recent evaluation test.
b No. of cardiac evaluations of the indicated type performed per pretransplant coronary revascularization procedure (angioplasty or bypass grafting) in the specified cohort. Computations were based on the most recent CE before transplant and subsequent pretransplant revascularization status (any versus none) per individual. recipients produced several main findings. 1) CE was more common among patients classified as high compared with lower IHD risk by traditional factors but was not universal in the "high-risk" group as 35% of high-risk profile patients were transplanted without CE.
2) The frequency of pretransplant revascularization in patients who received CE was 9.5% overall and varied markedly with clinical risk category: from 11.6% among high-risk to Ͻ1% in lower clinical-risk groups. 3) There was patient-level heterogeneity in the risk of post-transplant AMI after transplant without CE. Clinically defined IHD risk category was strongly predictive of AMI among patients transplanted without CE, and AMI risk also varied with recipient demographic and clinical traits within these subcohorts.
Collectively, these findings highlight the dilemmas currently facing evidence-based decisions about pretransplant CE. The prognostic value of CE for major cardiac events in patients with end-stage renal disease is supported by meta-analysis (13). However, aside from identifying patients with severe IHD that prohibits transplantation, the main purpose of an evaluation scheme in transplant candidates is direction of treatments to reduce operative risk and long-term morbidity and mortality. Although it may be argued that positive CE could alter medical management, modifiable IHD risk factors in patients with kidney failure warrant intensive treatment regardless of CE results. Accordingly, American Society of Transplantation Guidelines specify risk factor assessment and "aggressive" risk factor modification as initial steps for IHD risk management in all transplant candidates (6) . CE is recommended for higher risk patients to identify critical coronary lesions amenable to revascularization (6) . Similar to the current registry-based results, several single center observational studies reported that only 2.9% to 9.0% of patients who received pretransplant cardiac aHR, adjusted hazard ratio; CE, cardiac evaluation. a Final models determined by Cox regression with stepwise selection. Effect estimates reflect the adjusted hazards of AMI after transplant associated with a given trait compared to the reference trait within each sample (high risk, lower risk). Nonsignificant categorical strata were collapsed into reference groups by the selection procedure (e.g., racial groups other than black; causes of ESRD other than diabetes).
b Kaplan-Meier estimates of observed AMI incidence within indicated subsamples. Statistical significance for differences compared to the reference group: c P Ͻ 0.05; d P Ͻ 0.001; e P Ͻ 0.01. testing proceeded to angioplasty or bypass (11, 14, 15) . In the current study, 342 cases underwent pretransplant CE per revascularization in the lower clinical-risk group. Because CEs are expensive, confer some degree of test-related risk, and are not necessary for identification of clinical IHD risk factors, the relatively low use of coronary interventions after pretransplant CE should motivate scrutiny of the clinical and cost-effectiveness of CE as applied. We must also consider that revascularization, when performed, is unlikely to completely prevent IHD events after transplant. Two recent randomized trials failed to support benefit of revascularization over contemporary medical management in stable general population samples, including patients awaiting major vascular surgery (16, 17) . Defining the clinical utility of pretransplant CE will involve understanding 1) whether testing increases application of an intervention that would not otherwise be used and 2) the ensuing intervention reduces risk in specific patient populations. While the transplant community considers the clinical and cost-effectiveness of CE, particularly when subsequent revascularization is infrequent, we must also consider whether nonuniform CE practices disadvantage some patients who could benefit from more aggressive pretransplant cardiac care. This study was not designed to evaluate if CE reduces risk of coronary events, as compared with expected outcomes among evaluated individuals, had they not received CE. Prior single-center retrospective studies have observed higher IHD risk among patients who did versus did not receive pretransplant CE, suggesting the importance of unmeasured selection factors that may invalidate retrospective comparisons of the effectiveness of pretransplant testing (11, 15) . However, post-transplant AMI rates in patients transplanted without CE allow us to assess whether CE was deferred in those who indeed face low IHDrisk after transplant. Although AMI risk was low in some subgroups, particularly young patients and those without pretransplant cardiovascular diagnoses, risk was not universally low in everyone transplanted without CE. Clinical IHD-risk profile was strongly associated with AMI risk after transplant without CE, predicting more than three times the average 3-yr AMI incidence in high compared with lower-risk profile subgroups. The incidence of AMI among "lower-risk" patients Ͼ60 yr of age who were transplanted without CE overlapped the confidence limits of average AMI incidence in all "high-risk" patients (i.e., without regard of CE status), raising the question of whether elderly patients should ever be candidates for transplant without CE.
Based on these national registry data, the decision to transplant without CE appears to be predominantly related to younger age, shorter dialysis duration, and the absence of individual traditional risk factors. Thus, there are some important parallels between likelihood of selection for transplant without CE and low risk of AMI after transplant if CE was deferred (i.e., young patients, without cardiovascular diagnoses). However, after adjustment for patient factors and consistent within risk profile-stratified subsamples, transplant was also more likely to proceed without CE for black persons, women, and patients in certain geographic regions. Race-related practice patterns are notable because, in the "lower-risk" group transplanted without CE, black patients faced a higher risk of post-transplant AMI than nonblack patients. Black race has been previously identified as an independent predictor of failure to complete the transplant evaluation (18) and of reduced access to coronary angiography and revascularization in general populations (19) . Some of the current variation in CE practice may reflect access barriers rather than appropriate determinations of low clinical risk.
Limitations of this study include its retrospective design. Factors that we could not measure may influence the decision to perform CE, such as reported exercise tolerance, clinical IHD symptoms, or revascularization outside the ascertainment window. Results of CE and cardiovascular medication prescriptions are also not available in these data. Because of the absence of indications of transplant evaluation referral or the start of candidate evaluation in the USRDS registry and Medicare claims, we sampled transplant recipients and looked back at pretransplant care. This approach allowed us to describe care in a cohort of known candidates but may prevent generalization to candidates who were never transplanted or patients referred for transplant but declined for reasons such as severe IHD. To capture CE and revascularization procedures in billing claims, we studied dialysis patients and required continuous Medicare parts A and B from dialysis start to transplant. Practice patterns may differ substantially among patients transplanted preemptively or those with private insurers. The proxy definition of transplant region used in this study may also produce some misclassification. Notably, however, the overall estimate of CE in 46% of the cohort based on Medicare claims is similar to single-center estimates of 29% to 56% based on clinical records during similar time frames (11, 14, 15) . The current data add to information from single-center reports by providing a picture of national practice with additional dimensions, such as analysis by clinical IHD risk group.
Ultimately, both the clinical and cost-effectiveness of pretransplant CE cannot be measured in observational studies but rather require investigation in randomized clinical trials. However, such trials may face methodological and practical difficulties given current referral practices and the high likelihood of patient crossover into a CE arm. Because the risk of posttransplant AMI among patients transplanted without CE is heterogeneous, further research is needed to define the clinical scenarios in which CE may be safely deferred before transplant. Prospective studies should evaluate whether some groups are not receiving appropriate CE because of socio-demographic barriers and, if so, ways in which these barriers may be surmounted.
Conclusion
This study of practice patterns among a large national cohort of kidney transplant recipients demonstrated that pretransplant revascularization followed CE in Ͻ 10% of cases who received CE overall. Although there are some parallels between likelihood of selection for transplant without CE and low risk of AMI after transplant if CE was deferred, there is heterogeneity in post-transplant AMI risk associated with such practice. Notably, black race was associated with decreased likelihood of CE compared with white race yet increased AMI risk in the lower-risk group transplanted without CE. Further studies including clinical trials are needed to establish the clinical and cost-effectiveness of pretransplant CE across patient groups as a foundation for evidence-based practice standards.
